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Abstract. In our work, we searched a low-cost implementation of a laser-based transmitter for 5G 
communication. In particular, we designed a RF circuit for antenna communication and we explored the 
possibility of using a FPGA device (a Red Pitaya) to drive a VCSEL laser. 
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1. Introduction 
With the term 5G, we indicate a wide range of new technology for the mobile communication. 
Although a precise definition of 5G does not exist, we can imagine some of the possible 
applications, in which these new technologies can be used. Most of these applications concerns 
the IoT devices: in a near future more and more things will be connected to the network. Among 
the others, there is the connected vehicle: the car of the future will be able to communicate and 
to get information through wireless communications.  
The idea of our work was to build a low-cost transmitter, that can easily send an OFDM signal 
through a long optic fibre wire. In particular, we focalize our attention in building a complete 
transmission system, that can be easily used in a connected vehicle. 
The characteristics of a similar system are the simplicity, the low price and the small 
dimensions.  
Our project could be divided in two parts: first of all, we designed a radio frequency circuit, for 
sending an OFDM signal at 3.5 GHz (that it will be the frequency used for the 5G; secondly, we 
designed a receiver circuit connected with a VCSEL laser. The aim of this second circuit, was 
down-converting the incoming signal and transmitting it in fibre through the modulation of a 
diode laser. For the generation of the signal and for the direct modulation of the laser, we used a 
device called Red Pitaya, that is an open-source board, that mounts a FPGA and 4 fast outputs 
(more than 50 MHz). 
 
2. General Overview of the system 
Before entering in detail, we will give a general high-level overview of our system. In the 
following schematics we can see the two main blocks of the project, the first one is a transmitter 
at 3.5 GHz and the second one is receiver connected to the optic fibre.  
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Figure 1. Transmitter general schematics. 
 
As we can see in the Figure 1, our transmitter generates a base-band signal with the Red Pitaya, 
the bandwidth of this signal is 62.5 MHz (we will see in the next chapter the reason why). The 
second block is RF up-conversion stadium (we will see it in detail): the aim of this part is taking 
the signal around the frequency of 3.5 GHz, that it will be one of the operating frequencies of 
5G. The last part of the circuit is an antenna. We use this configuration to generate and send the 
signal through the air.  
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Figure 2. Receiver general schematics. 
 
In the Figure 2, we have the schematics of the receiver: the first part is quite specular to the 
transmitter. In fact, we have an antenna (to receive the signal), a down-conversion RF circuit (to 
take back the signal in baseband) and a Red Pitaya, that should process the signal.  
The Red Pitaya drives also the diode laser, which will transmit in the optic fibre. At the end of 
the fibre, we have a photodiode and an electric amplifier, which convert back the signal in an 
electrical one. At the end of the receiver, we have another Red Pitaya, that is used to capture the 
signal, in this way we can compare the received bits with the sent ones for calculating the BER 
(Bit Error Rate). 
 
3. The Red Pitaya 
Before continuing with the explanation of our work, we can briefly say something about the 
Red Pitaya. This device is an interesting open-source hardware, thought to substitute some 
expensive laboratory instruments. In fact, a Red Pitaya contain several instruments such as an 
oscillator, a spectrum analyser, a signal generator, a LCR meter, a Bode analyser, a logic 
analyser and a vector network analyser. Moreover, a Red Pitaya has two fast inputs and two fast 
outputs (both with a bandwidth of 125 MHz and with SMA connection), each of them with a 
DAC and an ADC. This device could also be used as a common microcontroller, as it has 
several slow analogue and digital pins. The core of this device is constituted by a Dual Core 
Arm Cortex A9+ processor and a FPGA. The board has also a RAM memory of 512 Mbit and it 
runs a Linux-based operative system in  a microSD of 16 Gb. The Red Pitaya can also be 
manually programmed in MATLAB, Python, C and Scilab. We choose to program it in Python, 
using the preinstalled Anaconda application. 
 
 
 
Figure 3. The Red Pitaya main features 
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We used the Red Pitaya mostly as a signal generator in burst mode for transmitting an OFDM 
signal. We can summarize in the following table the main parameter of the input-output doors. 
 
Table 1. Red Pitaya parameters 
RF inputs 
 
 Number of channels: 2 
 Bandwidth: 50 MHz (3 dB) 
 Sample rate: 125 Msps 
 ADC resolution 14 bits 
 Input coupling: DC 
 Input noise level: < 119 dBm /Hz (D) 
 Input impedance: 1 MΩ // 10 pF (A,B) 
 Full scale voltage: 2Vpp, (46 Vpp for low-
gain jumper setting) (T,V) 
 DC offset error: <5 % FS (G) 
 gain error: < 3% (at high gain jumper 
setting), <10% (at low gain jumper 
setting) 
 Harmonics: 
o at 3 dBFS: typical performance 
<45 dBc (E) 
o at 20 dBFS: typical performance 
<60 dBc (E)  
RF outputs 
 
 Number of channels: 2 
 Bandwidth: 50 MHz (3 dB) (K) 
 Sample rate: 125 Msps 
 DAC resolution: 14 bits 
 Output coupling: DC 
 Load impedance: 50 Ω (J) 
 Output slew rate limit: 200 V/us 
 Connector type: SMA (U) 
 DC offset error: < 5% FS (G) 
 Gain error: < 5% (G) 
 Full scale power: > 9 dBm (L) 
 Harmonics: typical performance: (at 8 
dBm) 
o 51 dBc @ 1 MHz 
o 49 dBc @ 10 MHz 
o 48 dBc @ 20 MHz 
o 53 dBc @ 45 MHz 
 
 
As we work several days with this device, we can make some critical considerations about its 
performance. First of all, we can say that the price of the hardware (around 300 $) is absolutely 
competitive for the given features. Another interesting point is the output power, that can easily 
raise 10 dBm, and can be choose with the code.  
In my opinion the weakest point is constituted by the software, that is completely open-source, 
but is also quite undocumented. In particular, there are no officially documentation and the only 
way to code it is studying examples made by other people in the official forum of the Red 
Pitaya. Another critical point is the input impedance, that is around 1 MΩ, so it is not 
particularly suitable for an RF application: we solved this problem putting a tee at the input of 
the Red Pitaya with a parallel resistive load of 50 Ω. 
As the maximum frequency at the output is 125 MHz, we can correctly detect only signals with 
a a bandwidth of maximum 62.5 MHz (for the Nyquist’s theorem). Thus, the generated signal 
was at this frequency. 
As we told, we used the Red Pitaya in the burst mode, that means we code it to send a specific 
number of samples. In particular, the DAC has 14 bits, so the maximus number of samples we 
can send are 2 raises to the 14, that is 16.384. However, sending at half the maximum frequency 
caused the halving of this number, so the maximum number of the samples we could send with 
our system was 8.192. 
This number is not so high, and it would be better having a greater DAC, however for our 
research purpose it was enough. 
In order to test the Red Pitaya, we connected two of them with a SMA wire and we tried to send 
an OOK modulated signal and an OFDM one: we were able to transmit without errors both the 
signals, in particular we succeed in transmitting the OFDM with the following modulations: 4-
QAM, 16-QAM, 32-QAM and 64-QAM.  
Concluding our Red Pitaya analyses, we can say that this low-cost device has a good linearity 
and a good stability: its fabrication characteristics make it good for research applications.  
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4. The RF circuits 
 
4.1. General introduction 
In this paragraph, we will see how we designed the RF circuits for the down and the up 
conversion. Before giving the schematics in detail, we can explain what our goals and our figure 
of merit. 
Firstly, we should say that the OFDM signal is poorly sensitive to the attenuation, but it is 
strongly affected by non-linearities and phase noise. Thus, we decided to design the RF parts 
preserving the linearities and the cost of the components. We choose to buy a set of discrete 
components with a SMA connector. In the design process, we did not mind about the dissipation 
of power and we prefer minimizing the noise and maximize the IIP3 (third order interception 
point) and the 1 dB-compression point. 
Now, we will report the schematics of the circuits designed with the ADS software and we will 
give a short explanation of all the components. 
 
4.2. Upconverter circuit 
 
Table 2. Upconverter components 
COMP. CODE IMP. BANDWIDTH GAIN POWER OF 
SIGNAL 
OUTPUT 
1 dB 
COMPRESSIO
N POINT 
IIP3  NF 
dB 
PRICE 
Red Pitaya  
 
- 50 Ω DC-6.5 MHz - 10 dBm - - -  
Attenuator VAT-
10+ 
50 Ω DC-7000 MHz -4 dB 0 dBm - - - $13.95 
 
Mixer 
(10 dBm) 
ZX05-
C60LH
+ 
50 Ω RF: 1.6-6 GHz 
IF: DC-2 GHz 
-7.5 dB -7.5 dBm 5 dBm 
(INPUT) 
13 
dBm 
- $48.95 
 
Oscillator ZX95-
3760+ 
50 Ω 3.2-3.76 GHz - 8 dBm  - - - $40.95 
 
Amplifier ZX60-
362GL
N+ 
50 Ω 3.3-3.6 GHz 20 dB  12.5 dBm 16.56 dBm 
(OUTPUT) 
29 
dBm 
1.08 
dB 
$79.95 
 
 
 
 
 
Figure 4. Up converter schematics 
 
 
In figure 4, it is shown the schematics of the upconverter. The first component is the Red Pitaya, 
which generates the signal. The core of the circuit is represented by the mixer: this electronic 
device is able to multiply two different signals. In our configuration, it multiplies our OFDM 
with a sinusoidal wave generated by the oscillator. In this way, the reference frequency is 
shifted at 3.5 GHz for the transmission through the antenna. Before sending the signal, we 
perform an amplification with the LNA (Low Noise Amplifier), this is because the mixer 
strongly attenuates, and we need to regenerate the signal. 
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The attenuator (-10 dB) between the Red Pitaya and the mixer is used to keep the maximum 
value of the signal below the 1 dB compression point of the mixer and the LNA, in this way the 
linearity is preserved. For choosing this value, we performed several measurements till we find 
the perfect value for our signal.  
Another critical component for the linearity is the oscillator, as it introduces phase noise. In our 
case, we used a VCO (voltage control oscillator) that behaved in a very good way, and the 
introduced noise was fairly below the limit.  
The table 2 resume the most important characteristic of each component: we bought them in 
Mini-Circuits website.   
 
4.3. Downconverter circuit 
 
Table 3. Downconverter components 
COMP. CODE IMP. BANDWIDTH GAIN POWER 
SIGNAL 
OUTPUT 
1 dB 
COMPRESSION 
POINT 
IIP3  NF 
dB 
PRICE 
BP filter VBFZ-
3590+ 
50 Ω 3-4.3 GHz -1 dB -10 dBm - - -  
Mixer 
(4 dBm) 
ZX05-
73L+ 
50 Ω RF: 2.4-7 GHz 
IF: DC-3 GHz 
-6.1 dB -17 dBm 1 dBm 
(INPUT) 
10 dBm - $48.95 
 
Oscillato
r 
ZX95-
3760+ 
50 Ω 3.2-3.76 GHz - 8 dBm 
 ATT: 4 dBm 
- - - $40.95 
 
LP filter SBLP-
117+ 
50 Ω DC-65 MHz -0.5 dB -17.5 dBm - - -  
Amplifie
r 
ZFL-
500+ 
50 Ω 0.05-500 MHz 25 dB 7.5 dBm 11.17 dBm 
(OUTPUT) 
12 
 dBm 
4.04
dB 
$40.95 
 
Red 
Pitaya 
 
- 50 Ω DC-50 MHz - - - - -  
 
 
 
Figure 5. Down converter schematics 
 
The receiver downconverter schematics is analogous to the first one. The main difference could 
be appreciated in the figure 5. First of all, we have a bandpass filter, centered in 3.5 GHz, its 
aim is select the correct signal after the antenna. After the mixer, we have a common amplifier, 
that introduces a non-neglectable quantity of noise (the noise figure of the amplifier is 4.04 dB). 
The last filter has two functions: first of all, filtering the noise of the amplifier and, secondly, 
eliminating the frequency summation at output of the mixer. In this way, we will have the 
original signal in baseband, with a bandwidth of 62.5 MHz. This signal, it is ready to be 
processed with the Red Pitaya and to be sent in the optic fiber. 
 
4.4. Test and measurements 
 
In order to test the quality of the RF circuits, we did a simple experiment: we tried to measure 
the quality of the signal at the output of the circuit in figure 5. This means we checked the BER 
of the signal at the end of the down-converting circuits, without sending it into the optic fiber. In 
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order to do this, we generate with the first Red Pitaya an OFDM signal with 64 sub-carriers, 
modulated in 4-QAM. In particular we sent 64 symbols interleaved, that is alternating the real 
and the imaginary part of each sample. 
The power of the generate signal varied between 10 dBm and -30 dBm. At the end of the RF 
circuit, we took back the signal with another Red Pitaya and we measured the BER. For power 
between 10 dBm and -15 dBm the final BER was always zero, for lower powers it started 
decreasing. 
   
 
 
Figure 6. Transmitted power vs. BER before the laser modulation. 
 
Concluding our speech about the first part of the project, we can say that the RF stadium is 
enough stable and quite linear, the signal can be easily transmitted with a power greater than -10 
dBm through the wireless system, without losses of information. One of the practical problem 
we had during the implementation was finding the antennas for the transmission at 3.5 GHz. We 
tried to buy them on internet, but we had several problems as this frequency is actually not used. 
At the end, we find two near-field antennas with the desired operating frequency: so we were 
forced to test the wireless system on a very short distance (few cm). Apart this, we are pretty 
confident that the rest of the circuits is quite well-designed, and it can be used also with another 
type of antenna. 
 
 
5. The optical conversion 
 
At this point of the circuit, we started working on the electro-optical conversion of the signal. 
Firstly, we will give some information about the used devices (laser and photodiode) and 
secondly, we will present the measurements and the results got. 
 
5.1 The laser 
 
We choose to work with a very cheap laser that was previously used for another project in the 
laboratory. The laser was a VCSEL, that is a laser diode with the beam emission perpendicular 
to the surface. The emission wavelength is centred around 1550 nm. It was provided with a 
temperature control designed by another student for his bachelor thesis.  
This temperature controller is made with an Arduino, that measures the values of the laser 
internal thermistor and change the temperature driving a TEC (thermoelectric cooler). The 
precise value of the temperature could be controlled through a Simulink interface: we choose to 
work at 20 °C. 
The laser and the temperature control could be seen in the next pictures. 
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Figure 7-8. The laser with the temperature control. 
 
The first step was characterized the laser as we have very few information about its 
characteristics. So, we connected it with a current control and we injected current with a value 
between 0 and 11 mA, on the other side we measured the optic power of the laser and we 
plotted the I-P curves. 
 
 
Figure 9. Bias current vs. Optic power 
 
From figure 9, we can extract some interesting information, first of all the threshold current at 
20 °C degree, that we can estimate around 1.3 mA. Secondly, we can see that there some areas 
of the plot in which the curve is quite linear, so we can use them as bias point for transmitting 
our signal. Moreover, we should say that the maximum input current is around 11 mA, thus we 
always paid attention to not overcome this limit. 
  
Figure 10: Bias current (mA) vs input voltage (V) Figure 11: Bias current (mA) vs. Input resistance (Ohm) 
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In figure 10 and 11, we measured the input voltage of the laser with different bias currents and 
calculated the input resistance. As we expected, the resistance is very high before the threshold 
value and it decreases with increasing of the current. Finally, it raises an asymptotic value 
around 200 Ohm.  
 
5.2 The photodiode 
 
Also, for the photodiode we used a very cheap component: a DET01CFC. This kind of 
photodetector is made with InGaAs, it has a low response time (less than 1 ns), and a typical 
peak response of 0.95 W/A.  
 
5.3 Testing of the laser and the photodetector 
 
Before using the laser and the photodiode in the complete system, we decided to test them 
separately, in order to find the perfect bias point of the laser for our signal. So, we connected the 
laser to the photodetector and we modulated it with an OFDM signal (64 sub-carriers in 
4QAM). After the photodetector reconverting the signal, we measured the BER. During the 
experimentation we changed mostly 2 parameters: the bias point of the laser and the power of 
the signal. Thus, we plotted the following schematics, in which we can see the BER for each 
value of current and power. 
 
 
Figure 12. On the x axis we have the voltage peak to peak of the input signal (in V), on the y axis the 
value of the BER. The different colours represent different BIAS current (in mA). 
 
In figure 12, we can see that for low bias current we have more BER, this is due to the clipping 
effects: the signal decreases the total current under the threshold current, causing the switching 
off of the laser. Moreover, we can see that for bias values greater than 4 mA the BER is always 
zero. 
We repeated the experiment putting an electrical amplifier after the photodiode to increase the 
quality of the signal. 
 
Figure 13. The same plots of the figure 12, but with an amplifier 
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The BER is drastically decreased for all the values of the bias current, the only errors are the 
ones due to the clipping effect (at low bias current and with a strong signal. 
Concluding, we choose to work with a laser bias current of 7 mA and with a signal voltage peak 
to peak of 0.7 V. Now we are ready to text all the system transmitting our signal through the 
optic fibre. 
 
6. Transmission in fibre 
 
For testing the full system in figure 1 and figure 2, we put a variable optical attenuator and we 
calculate the BER for different attenuation. We perform this measurement in three conditions 
with few centimetre of fibre (B2B), with 25 km and with 50 km. In all the three cases, we 
provided after the reconversion of the signal two electrical amplifiers to regenerate the signal 
(40 dB of amplification in total). 
Also in this case, we have sent an OFDM in 4-QAM with 64 sub-carriers. Regarding the 
calculation of the BER, we should say that the total number of bits sent is 6016, so we could 
estimate the error in the BER measurement as 1/6016, that is around 1x10-4. 
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Figure 14. Full schematics of the project 
 
6.1 B2B case 
In this case, we have only few centimetres of fibre, indeed we did not have the dispersion or 
attenuations. The results were surprisingly good for a such cheap system: we attenuated the 
optical signal since -41 dB and, for attenuation smaller than -23 dB we always got a BER of 
zero. 
The following plot shows the BER vs attenuation graphic. 
 
 
 
 
Figure 14. Optical attenuation vs BER in B2B (no fibre).  
 
6.2 25 km and 50 km fibre length 
 
After the case B2B, we redid the same experiment putting fibre of length 25 km and 50 km. Of 
course, this case is more critical than the B2B one. In fact, we need to consider that the fibre 
introduces chromatic dispersion and attenuation of 0.2 dB per kilometre. 
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As expected the signal is more deteriorated: for the 25 km fibre, we were able to send the signal 
till -8 dB of attenuation with a BER of zero. The 50 km case was so much worse, an attenuation 
of -4 dB starts significantly affecting the BER. 
We could compare in the following plots the two BER curves. 
 
 
 
Figure 15. Attenuation vs. BER with 25 km fibre and 50 km.  
 
7. Conclusions 
As previously indicated, the project could easily be divided in two parts. For the first part 
related to the design of a RF circuit for wireless transmission, we show that it is possible to 
build a complete transmitter and receiver for the Red Pitaya. The results are perfectly in line 
with our expectations: the OFDM signal is transmitted preserving its linearity. Regarding the 
laser modulation and the fibre transmission, I think we have got the best possible results for a 
such low-cost apparatus: clearly, the transmission at high distance was not so successful, 
compared to the quality of more expensive system using other modulation techniques (like the 
Mach- Zender modulator). However, I think that the most important result was showing that a 
simple device with a FPGA (in our case a Red Pitaya) is able to elaborate an OFDM and 
transmit it into the laser. I strongly feel that the system could be further improved; other 
possible test could be done using other kinds of laser and a better photodetector. Also the RF 
part could be better adapted at this kind of application: it should be integrated for being used in 
a real system such as a vehicle. 
Some possible future research lines could involve other possible test with other modulation 
format like OOK, UFMC, FBMC, GFDM. Moreover, it could be very interesting trying other 
velocity lower than 62.5 MHz and search for the optimum working frequency. 
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